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Introduction:  Clay minerals have been identified 
on Mars’ oldest (Noachian) terrain and their presence 
suggests long-term water-rock interactions. The most 
commonly identified clay minerals on Mars to date are 
nontronite (Fe-smectite) and montmorillonite (Al-
smectite) [1], both of which contain variable amounts 
of water both adsorbed on their surface and within their 
structural layers. Over Mars’ history, these clay miner-
al-water assemblages may have served as nutrient 
sources for microbial life. 
Methods: Two methanogen species, Methanobac-
terium formicicum and Methanosarcina barkeri, were 
tested for their ability to grow in the presence of 
nontronite, montmorillonite, or a mixture of both, 
without the use of additional nutrients. In the first set of 
experiments, two grams of each mineral were added to 
each of five test tubes. In the second set, test tubes con-
sisted of a mixture of one gram of each mineral. The 
tubes were placed into a Coy Anaerobic Chamber to 
deoxygenate overnight. Ten milliliters of bicarbonate 
buffer were added to each tube. The tubes were sealed 
with crimps, then sterilized via autoclave. Before being 
inoculated into the sterilized clay solutions, methano-
gens were aerobically washed [2]. Next, 0.5 mL 
cells+buffer were added to each tube. The tubes were 
pressurized with 170 kPa H2, incubated at 37°C, and 
monitored over time for methane production. Each set 
also included negative controls (clay mineral only, no 
microbes) that underwent identical experimental condi-
tions as those tubes with microbes. 
After 70 days, the minerals were removed from the 
tubes and analyzed for the presence of possible biosig-
natures in the form of mineralogical changes using X-
ray diffraction (XRD), chemical changes using scan-
ning electron microscopy with energy dispersive spec-
troscopy (SEM/EDS), and volatile and organic content 
with evolved gas analysis (EGA). 
Results: M. barkeri failed to produce significant 
methane in any of the 2 g nontronite or 2 g montmoril-
lonite sets but did show slight growth after ~30 days in 
the mixture set. M. formicicum produced the most me-
thane on montmorillonite, but was unsuccessful with 
nontronite (Fig. 1). 
No mineralogical changes were observed via XRD 
in any of the reacted clay minerals [3]. However, 
SEM/EDS analysis showed micro-scale textural chang-
es in montmorillonite with M. formicicum and ele-
mental depletions in the new textures. Figure 2 shows a 
sample of montmorillonite after being altered by M. 
formicicum. The bright, “fluffy” texture is chemically 
similar to the montmorillonite from the negative con-
trol group. However, there is also a darker, smoother 
texture that is depleted in Fe, Na, Mg, and Al relative 
to the control.  
 
Figure 1. Methane production by M. formicicum in 
media containing solely bicarbonate buffer and clay 
mineral. 
 
Figure 2. SEM/EDS analysis showing new texture and 
elemental depletion of montmorillonite with M. formi-
cicum.  
Montmorillonite altered by M. formicicum showed 
another textural difference from the control sample of 
montmorillonite. This texture is depleted in Fe and Mg 
but appears enriched in Na relative to the control 
montmorillonite sample. This could be a relative en-
hancement of Na due to a depletion of other elements. 
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Samples of M. formicicum in montmorillonite and 
mixed montmorillonite/nontronite that showed the 
highest production of methane were subjected to EGA 
on instruments that have been configured to reproduce 
the instrument operating conditions of the Sample 
Analysis at Mars (SAM) instrument on the Mars Sci-
ence Laboratory (MSL) Curiosity rover [4]. Samples 
were heated to ~1000°C at 35°C/minute in a 30 mbar 
atmosphere using He as a carrier gas at a flow rate of 
~0.8 sccm.  
Samples incubated with microbes show clear dif-
ferences from control samples, particularly for m/z 
(mass/charge) 44, which is likely CO2 evolution (Fig. 
3). Additional work is needed to determine if this in-
creased CO2 released around 150°C is the result of the 
decomposition of the microbial biomass itself or due to 
biologically-mediated changes to the original clay min-
erals. Other masses, such as m/z 18 (H2O), also show 
differences between the control samples and samples 
with microbes.  
 
Figure 3: EGA curves for the control montmorillonite 
and montmorillonite with M. formicicum. 
Discussion: Our experiments were specifically de-
signed so that the methanogens would be deprived of 
the supplements they use to thrive and force them to 
utilize nutrients from the clay mineral substrate. Of the 
two species and three substrates tested, M. formicicum 
fared the best on montmorillonite. Although no miner-
alogical changes were detected via XRD, SEM analysis 
showed two new textures different from the control 
montmorillonite sample. Not only were new textures 
created as a result of biological alteration, these new 
textures were of a different chemical composition from 
the control montmorillonite. We view this as proof that 
the methanogens were forced to draw their nutrients 
from the clay minerals substrate. This suggests that this 
sort of nutrient utilization could have taken place, or 
could still be taking place, on Mars.  
 
 
Implications for Mars: An Al-phyllosilicate akin 
to montmorillonite is among the most commonly iden-
tified clay minerals in the martian Noachian terrain. 
The presence of clay minerals suggests eras of long-
standing, near-neutral, liquid water on the surface. 
These conditions create a setting for the development 
and sustainability of microbial life.  
If methanogens did once occupy the surface or sub-
surface of Mars, they would have relied on their sur-
roundings for nutrients. We have shown that at least 
one species of methanogen can indeed survive using 
only montmorillonite as a source of nutrients.  
If methanogens do occupy the current martian sub-
surface (it has been theorized that the radiation envi-
ronment would not support methanogens on the sur-
face), the microbes could still be utilizing nutrients 
from clay mineral substrates. The results of this utiliza-
tion is the production of methane, which could be the 
source of recently observed methane plumes on Mars. 
Short-lived increases of atmospheric methane have 
been detected both from orbiters over Nili Fossae [5] 
and in Gale Crater by the SAM instrument on the MSL 
Curiosity rover [6]. 
Conclusions: We have shown that methanogens 
can utilize nutrients from montmorillonite without sup-
plemental media. Not only can methanogens utilize 
montmorillonite for their nutrients, we have identified 
potential biosignatures in the form of textural and 
chemical changes in the minerals. Although mineralog-
ical changes were not identified, given more time or 
increasing the ratio of methanogens to minerals could 
increase the amount of altered clay minerals above the 
detection limits of XRD. We will compare our labora-
tory data to observations of Mars in order to identify 
potential biosignatures on Mars. 
Future Work: The promising results of our exper-
iments have shown that methanogens can utilize clay 
minerals as nutrient source without supplemental me-
dia. However, there is much more to explore regarding 
the potential for methanogenesis on Mars. In future 
experiments, we will alter the methanogen/clay mineral 
ratio and run the experiments longer (e.g. up to 150 
days). We hypothesize that this would allow the meth-
anogens to alter more of the clay mineral in the tubes 
making the altered minerals detectable via XRD. Addi-
tionally, we will continue experiments with other meth-
anogen species and other Mars-relevant clay minerals.  
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